The aim of this study was to evaluate the accuracy and precision of indwelled wireless sensors relative to intrareticuloruminal differences in dairy cows transitioned from a forage to a high-concentrate diet. A feeding trial was performed with 8 rumen-cannulated Holstein cows. The cows were stepwise switched from 0 to 60% concentrate in the diet and fed 5 wk. Samples from the free ruminal liquid (FRL) from the ventral rumen and from the particle-associated ruminal liquid (PARL) in the rumen mat were manually taken at 0, 4, and 8 h after the morning feeding on d 0, 7, 14, and 34 of the experiment through the ruminal cannula to measure pH in FRL and PARL using a pH electrode. Additionally indwelling reticular wireless pH sensors were used to measure reticular pH every 10 min throughout the experiment. Precision and accuracy properties as a measure of reproducibility of the methods were statistically evaluated. Data showed significant differences among pH readings of indwelling sensors and pH measurements taken by means of a conventional electrode in both FRL and PARL (P < 0.05). These differences became more evident when 60% concentrate diet was fed. Across all experimental days, the pH of the FRL was greatest and the pH reported by indwelling sensors intermediate, whereas the pH of PARL was lowest. The concordance correlation coefficient (CCC) analysis revealed a high agreement between indwelling sensors and FRL (CCC = 0.709) but a low agreement with the pH of PARL (CCC = 0.495). In conclusion, the study indicated that wireless sensors can satisfactorily reflect the pH of FRL but poorly reflect that of PARL.
INTRODUCTION
Ruminal pH is a key indicator of rumen function, health, and nutrient use efficiency in cattle (Zebeli and Metzler-Zebeli, 2012) . New devices based on wireless sensors provide an excellent option to monitor reticular pH and health on farm (Gasteiner et al., 2012) without the need of a ruminal cannula or other invasive methods such as ruminocentesis or stomach tubes (Duffield et al., 2004) . Sensors can be introduced orally and allow real-time examination of the pH variation (Gasteiner et al., 2012) . Monitoring of diurnal pH variations has advantages in predicting the risk of ruminal acidosis compared with other methods that are based on singlepoint measurements (Penner et al., 2006) . However, because of strong intraruminal differences in VFA and pH (Tafaj et al., 2004; Storm and Kristensen, 2010) , an evaluation or potential adjustments of the measurements of wireless sensors relative to other sites of the rumen are necessary for interpretation of pH readings of the sensors. This would improve on-farm diagnosis and interpretation of the risk of ruminal fermentation disorders and also lead to a better assessment of the whole ruminal environment.
Ruminal digesta in dairy cows primarily consist of a vertical ruminal mat and free ruminal liquid (FRL) in the ventral reticulorumen . The ruminal mat acts as a barrier, retaining VFA (Storm and Kristensen, 2010) , which explains why particleassociated ruminal liquid (PARL) of the ruminal mat characteristically shows greater VFA concentrations and lower pH than FRL (Tafaj et al., 2004; Storm and Kristensen, 2010) . Therefore, it is not clear if the wireless pH sensors accurately reflect the pH values of PARL. This study aimed to compare ruminal pH estimates from wireless sensors with the pH values measured by a conventional electrode in both FRL and in PARL in dairy cows fed either a forage mix or a high-concentrate diet.
MATERIALS AND METHODS
All procedures involving animal handling and treatment were approved by the institutional ethics committee of the University of Veterinary Medicine (Vetmeduni) Vienna and the national authority according to §26 of the Law for Animal Experiments, Tierversuchsgesetz 2012-TVG (GZ 68.205/0093-II/3b/2013).
Feeding Experiment
A feeding experiment was conducted with 8 ruminalcannulated (100 mm i.d.; Bar Diamond, Parma, ID) nonlactating Holstein cows (initial BW: 710 ± 118 kg, mean ± SD), kept in 1 group in a loose-housing stable with straw bedding at the research dairy farm "Kremesberg" of Vetmeduni, Vienna, Austria. The experiment was conducted in 2 sequential periods, each lasting 34 d, with a break of 8 wk of forage-only feeding in between to allow the cows to recover from the high-concentrate diet. To provide the wide feeding regimens, cows received both a forage diet and a concentrate diet (60% concentrate and 40% forage mix on DM basis). At the start of the experiment, the cows received only forage mix for a minimum of 2 wk followed by an adaptation period of 1 wk in which the concentrate level was increased daily by 10% from 0 to 60% (DM basis). The forage mix consisted of (DM basis) 50% grass silage and 50% second-cut meadow hay with this chemical composition: 54.4% DM, 82.0% OM, 11.3% CP, and 50.0% NDF (DM basis). Concentrate consisted of barley grain (33%), wheat (30%), corn (15%), rapeseed meal (17%), dried beet pulp (3.2%), calcium carbonate (0.5%), NaCl (0.3%), and a mineral-vitamin premix (1%). The concentrate contained 87.3% DM, 86.5% OM, 18.1% CP, and 19.5% NDF (DM basis). Fresh water was provided ad libitum. During the forage-only feeding and until d 4 of the adaptation to concentrate, the diet was offered at 1.5% of BW, whereas starting from d 5 of concentrate adaptation and during the 60% concentrate feeding, the DM allowance was elevated to 2.0% of BW. The forage mix and concentrates were offered separately in 4 and 2 feeding troughs, respectively, which were equipped with electronic weighing scales and computer-regulated access gates (Insentec B.V., Marknesse, The Netherlands) to control distribution and individual feed intake of each cow. Fresh feed was provided continuously. During the concentrate feeding periods, cows had access to the forage mix from 0800 h onward, whereas the concentrate mixture was first offered 2 h thereafter (i.e., from 1000 h on).
pH Measurements
To monitor reticular pH continuously, all cows received an indwelling wireless ruminal pH sensor (smaXtec animal care sales GmbH, Graz, Austria) 1 wk before starting each experimental period. The sensors were manually inserted into the ventral rumen via the ruminal cannula. Before this, the sensors were calibrated by a calibration buffer of pH 7.0 following the company's instruction protocol. The sensors measured pH and temperature every 10 min and transmitted the data in real time to a base station via 3 antennas installed in the barn. New sensors were used for the second experimental period, because the maximal guaranteed working time of the sensors was 50 d. For comparison of the different pH measurement systems, only real-time data from sensors collected ±10 min of the time of rumen digesta sampling were taken. To measure ruminal pH with the conventional pH electrode, ruminal digesta samples were collected on d 0 (forage mix feeding) and 7 (last day of adaptation period to 60% concentrate) as well as on d 14 and 34 (60% concentrate feeding) of the feeding trial. The pH measurements of PARL were conducted only in the second experimental period. Samples were taken just before and 4 and 8 h after morning feeding on each sampling day. At each sampling time, 200 mL of FRL was initially collected from the ventral ruminal sac by inserting an aspiration tube (RUMINATOR; T. Geishauser, Guelph, Canada) through the ruminal cannula. Thereafter, approximately 200 g of solid digesta from the ruminal mat were taken manually and squeezed to obtain PARL, as described previously (Tafaj et al., 2004) . The pH measurements were conducted immediately after sample collections, using a pH electrode (Inlab Expert Pro-ISM pH; Mettler-Toledo GmbH, Schwerzenbach, Switzerland) connected to a pH meter (Seven Multi TM; MettlerToledo GmbH) in the first period. In the second period, the electrode was connected to a portable pH meter (SevenGo; Mettler-Toledo GmbH). In both cases, a 2-point calibration was performed using buffers of pH 4.0 and 7.0 immediately before the analysis. On the last day of each period, ruminal content was temporally evacuated and sensors were recovered from the reticulum and evaluated for accuracy in calibration buffers of pH 4.0 and 7.0.
Statistical Analysis
Statistical analysis of the ruminal pH data was performed using PROC MIXED of SAS (version 9.2; SAS Inst. Inc., Cary, NC). The model used to evaluate the agreement between sensors and FRL and PARL mea-surements considered the fixed effects of rumen site (sensor vs. FRL and PARL), sampling day (0, 7, 14, and 34 d), and sampling time (i.e., hour of sampling) as well as 2-and 3-way interactions. Cows nested within 1 experimental period were considered random effects. The measurements taken on the same cow but at different sites and times were considered multiple repeated measures in the model. The Kronecker product of a completely unrestricted variance-covariance matrix (for site) and a first-order autoregressive variance-covariance matrix (for time) was used to account for repeated measures taken on individual cows across time (Tafaj et al., 2004) . Multiple comparisons among means were performed with Tukey's method. Associations among real-time sensors and conventional methods were further studied by performing a Pearson correlation (PROC CORR of SAS) and the analysis of regression (PROC REG of SAS). Subsequently, Lin's concordance correlation coefficient (CCC) was computed to evaluate reproducibility of the pH readings with sensors vs. FRL and PARL methods (Lin, 1989) . The CCC analysis provides an integrated measure of precision and accuracy (CCC = r × C b , in which r stands for Pearson correlation coefficient as a measure of precision and C b is the bias correction factor, standing for accuracy). The C b indicates how far the regression line deviates from the ideal line y = x, so C b ranges from 0 to 1, in which 1 indicates full agreement with the ideal line. Other measures to evaluate the accuracy were the scale shift (μ) and location shift (v), in which μ expresses the difference in SD between sensors and FRL or PARL and v indicates under-or overpredictions so that a negative v value indicates an overprediction, whereas a positive value indicates underprediction. The r and CCC were interpreted as negligible (0.00 to 0.30), low (0.30 to 0.50), moderate (0.50 to 0.70), high (0.70 to 0.90), and substantial (0.90 to 1.00; based on criteria suggested by Hinkle et al., 2003) .
RESULTS AND DISCUSSION
The data showed differences among pH readings of indwelling sensors and pH measurements taken by means of a conventional electrode both in FRL and PARL (P < 0.001; Fig. 1) . The difference became more evident during sampling d 7, 14, and 34, that is, when 60% concentrate was fed, and in particular before the morning feeding (P < 0.001). Across experimental days, pH of the FRL was greatest and the pH reported by indwelling sensors intermediate, whereas the pH of PARL lowest (Fig. 1) . The CCC analysis revealed a high agreement between indwelling sensors and FRL (CCC = 0.709) but a low agreement with the pH of PARL (CCC = 0.495; Table 1 ). The Pearson correlation coefficients were greater than CCC for both sites, thus indicating higher precision, but the lower C b with PARL was responsible for the lower accuracy of the PARL pH measurements. This analysis also revealed higher precision and lower scale shift of FRL to pH readings delivered by the indwelling sensors than of PARL (Table 1 ). The lower precision and accuracy of the wireless sensors to the pH values of PARL observed herein indicate that wireless sensors cannot accurately predict the pH of PARL. The location shift indicated underprediction of indwelling sensors compared to pH of Cows were fed a forage diet (0% grain) until d 1 and then gradually adapted to a 60% concentrate diet for 6 d (sampling d 7); this concentrate diet was then fed to cows until d 34 (sampling d 14 and 34) of the experiment. Measurements were conducted on each sampling day at 3 various times (hour relative to morning feeding) at the same time with sensors, FRL, and PARL. Tukey's test revealed differences at a level of P < 0.05 among FRL vs. PARL vs. Sensors on all days. There was a day × hour interaction (P < 0.05) but not a site × day interaction or site × time interaction (P > 0.05). Error bars indicate the SEM. the FRL (v = 0.704), but wireless sensors strongly overpredicted the PARL pH (v = -0.517). As shown in Fig. 1 , the overprediction of sensors to PARL pH values seems to be greater in cows fed 60% grain and before feeding but decreased after the morning feeding. Quantification of the relationships between measurements of the indwelling sensors and those of FRL and PARL are shown in Fig.  2 . By means of the equations of linear regression, the pH of FRL could be predicted with greater accuracy (pH FRL = 1.6437 + 0.7808 × pH Sensor ; R 2 = 0.641, P < 0.001), using data of the indwelling sensors, than the pH of PARL (pH PARL = 3.269 + 0.4338 × pH Sensor ; R 2 = 0.497, P < 0.001). Comparison of the pH of sensors with that of 2 different calibration buffers at the end of each experimental period showed a good agreement in buffer of pH 4.0 (average pH 3.9 ± 0.23) but lesser agreement in buffer of pH 7.0 (average pH 6.5 ± 0.23), indicating an almost 0.5-unit pH drift of wireless sensors with increasing pH values of the buffer. Previous studies evaluated the accuracy of acquisition of pH from submersible pH electrodes via cannula in dairy cows (Penner et al., 2006) or given orally to sheep (Penner et al., 2009 ). In both of these studies, the authors reported substantial accuracy between the indwelling electrodes and pH values measured by conventional pH electrodes in the rumen fluid of cows or sheep. In these studies, however, the indwelling electrodes used were not wireless, the feeding was less variable, and the evaluation period was shorter than ours, which might explain greater CCC and other measures of accuracy than in our study. Nevertheless, results of other studies (Penner et al., 2006 (Penner et al., , 2009 and those of the current study indicate that the indwelling sensors or electrodes are an appropriate means to monitor ruminal pH in the liquid phase.
An important focus of our study was the evaluation of the accuracy of the pH of wireless sensors against the pH of PARL. Particle-associated ruminal liquid is ruminal fluid trapped within or directly associated with digesta particles. Solid digesta in the rumen typically builds a horizontal, thick-packed mat in the middle part of the rumen and its dorsal sac (Tafaj et al., 2004) . The pH measurements in the ruminal mat and PARL have often been neglected in the past. To date, no other study using indwelling sensors evaluated the accuracy of the pH measurement of PARL (Penner et al., 2006 (Penner et al., , 2009 Gasteiner et al., 2012) . Since fiber is primarily degraded within the ruminal mat (Tafaj et al., 2004) , predicting the pH values of PARL is of special importance in particular to predict the fiber degradation, as the activity of cellulolytic microbes in the rumen is pH dependent (Koike and Kobayashi, 2009) .
The ruminal mat has a low turnover of ruminal fluid, which affects its buffering process (Tafaj et al., 2004 , Duffield et al., 2004 . Most importantly, the ruminal mat serves as barrier to retain small undigested and potentially degradable particles and VFA (Storm and Kristensen, 2010; ; all these factors contribute to less exchange of VFA and a lower pH of PARL vs. FRL, as also observed by others (Tafaj et al., 2004; Storm and Kristensen, 2010) . Taken together, data of this study indicated a high precision and accuracy with FRL but a low accuracy with PARL. Table  1 . Prediction equation of the pH of FRL (pH FRL ) from pH readings of the sensors (pH Sensor ) is pH FRL = 1.6437 + 0.7808 × pH Sensor ; R 2 = 0.641, P < 0.001. Prediction equation of the pH of PARL (pH PARL ) from pH readings of the sensors (pH Sensor ) is pH PARL = 3.269 + 0.4338 × pH Sensor ; R 2 = 0.497, P < 0.001. The solid line depicts the regression line of the FRL to sensor data (x variable), the dashed line shows the regression line of the PARL to sensor data, and the bold solid line depicts the ideal line where y = x.
